Modelling of non-consolidated oil shale semi-coke forward combustion: Influence of carbon and calcium carbonate contents 
Introduction
The combustion process in porous media has been the subject of great interest because of its vast applications in different areas: environmental applications such as forest fire or waste incineration and cigarette burning, production of new materials such as synthesized porous media based on metals or ceramics, porous burners in which a mixture of a fuel and an oxidizer burn, regeneration of some catalytic beds in the refineries and many other applications [1] [2] [3] .
Generally, combustion in porous media is known as filtration combustion, where delivery of reactants through the pores to the reaction site is an important aspect of the combustion process [4] . Smoldering and SHS (self-propagating high temperature synthesis) are two important categories of the filtration combustion. As defined by Ohlemiller [2] ''Smouldering is a slow, low-temperature, flameless form of combustion, sustained by the heat evolved when oxygen directly attacks the surface of a condensed-phase fuel''. In this process, two combustion configurations can be distinguished: opposed and forward propagation. These situations are occurred depending to the direction in which the reaction front(s) propagates relative to the air (oxidizer) flow. Forward smoulder happens when reaction front propagates in the same direction as the oxidizer flow while in the opposed smoulder, these directions are opposite.
In a pioneering work Aldushin et al. [5] studied the one dimensional combustion wave propagation in a porous medium. Based on the asymptotic method, they determined the structure of the solution. A so-called reaction leading structure occurs when the velocity of the combustion front (reaction front) exceeds that of the heat transfer layer, while a so called reaction trailing structure is obtained when the combustion front is slower than the heat transfer front. Many other researchers have been involved in the development of this method. Most of their works are based on the macroscopic (averaged) approach for presenting the transport equations. The work of Ohlemiller [2] , Schult et al. [6] and Oliveira and Kaviany [3] are some important references. Some other works also have been done at grain (pore) scale where the local (microscale) transport equations are considered (see Debenest [7] ). Even if the results can exhibit behaviours and pertinent non-dimensional numbers, it is not possible to use that approach to study the combustion wave propagation at the metric scale. However, it is possible to determine a complete thermochemical data bank (see Elayeb [8] ).
As far as quantitative modelling of a smoldering front is concerned, this has been for a long time and still remains a challenge doi:10.1016/j.fuel.2011. 11.066 to science. At first, since two waves are propagating and at different velocities, the solution cannot be steady but is transient. The difficulty mainly comes from the fact that numerous thermal, flow and chemical phenomena occur simultaneously and are coupled. Their quantitative description requires the knowledge of physical, thermal and chemical properties of the reactive porous medium. These properties are difficult to determine in the laboratory; some of them depend on the temperature, and change as chemical reactions occur. Among them, the stoichiometric and kinetic parameters for the chemical reactions remain the more challenging to determine, and remain hard points in the modelling approach [2] . The main reaction to propagate a smoldering front is carbon oxidation. As will be discussed further, this reaction leads both to CO and CO 2 production. The prediction of the repartition between these two species remains difficult. Nevertheless, it impacts both on the stoichiometry and on the exothermicity of the reaction [9] .
Another difficulty encountered is to establish reliable sets of experimental data to calibrate and validate the models. The high temperature levels induce heat losses at the cell walls, making a pure 1-D situation difficult to maintain [9, 10] . Moreover, most of the solid fuels will undergo geometrical shrinkage at the passage of the front, creating bypasses to air circulation through the medium.
Altun et al. [11] defined oil shale as a sedimentary rock that contains an organic matter embedded in a mineral matrix. The organic matter may devolatilize at temperature increase ($220°C) into heavy oil, gaseous fractions and a carbonaceous residue called fixed carbon. The obtained solid that contains fixed carbon and the inorganic minerals of the original oil shale, is called semicoke.
Oil shale has been extensively studied in literature. Altun et al. [11] presented a review on the importance of oil shale reserves and oil shale potential and utilization in the world. A recent review of the oil shale and related reactions was done by Kok [12] . The environmental aspects of the oil shale industry has been reviewed by Kahru and Põllumaa [13] . Characterized the oil shale semi coke from different sources presented by Kulaots et al. [14] . The combustion technology of oil shales was presented by Ots [15] .
Semi-coke is a side product of the oil recovery from oil shales during the retorting process.
Treatment of this product is indeed one of the important issues of this oil recovery process [10] . It presents a number of advantages making it a good candidate to smoldering experiments in the laboratory. It is a hard material that can be ground to the desired particle size, and the carbon is intimately distributed inside the grains. But its main advantage is that -contrarily to most of solid fuels -it undergoes only very little shrinkage during the combustion [10, 16, 17] . This avoids radial shrinkage of the bed and preferential passage of at the walls of the cell during experiments, favouring a 1-D configuration.
It has been shown in [12] that during the high temperature smoldering in oil shale, the main reaction supplying energy to the front is fixed carbon oxidation, also called HTO. Furthermore, the devolatilization reaction heat is known to be very small and not to impact on the energy balance. Therefore, semicoke was used in this work. It does not contain oil, which avoids the devolatilization and LTO reactions. In the combustion study of the consolidated shale particles (cylinders of 5 cm diameter and 6.35 length), Manor et al. [18] carried out some thermo-gravimetric analysis of samples containing different organic matter under various operating conditions. It is found that the gasification reaction, carbon reaction with CO 2 producing CO, plays an important role in the combustion process under certain condition.
Using this material introduces another reaction at the passage of the hot front: decomposition of carbonates. This happens in most of oil recovery from oil shale applications. The very endothermic reaction will impact on the process both through the heat balance and by producing additional CO 2 .
During the past few years we have been dealing with the experimental study of oil recovery from oil shale [19] and semi-coke combustion [9, 10] . In this work we present numerical study of the forward combustion of semi-coke material in a porous medium. The main aim is to evaluate the capacity of a numerical model involving simplified chemistry to predict the behaviour of a smouldering front in a medium containing carbon that oxidizes and carbonates that can decompose.
Experimental study
We present briefly the experimental set-up used by Sennoune et al. [9, 10] to study the semi-coke combustion. The oil shale used in the experimental part was from Timahdit formation of Atlas, Morroco. The semicoke was obtained from retorting of this oil shale; it was then mixed with sand and carbonate. An important set of repeated experiments has been established in which two parameters have been changed alternatively: (i) the amount of fixed carbon and (ii) the amount of carbonates in the medium. The semi-coke used for this work was prepared by retorting oil shale at pyrolysis temperature of 550°C in a stainless-steel reactor externally heated by an electric rig furnace at atmospheric pressure and heating rate of 5°C min
À1
.
Nomenclature

Physical symbols
heat transfer coefficient between medium and cell walls
The fixed carbon of a semicoke largely depends on the original oil shale; for the oil shale used in this work, the fixed carbon content was 6.95 wt.%. This value was still too high for experiments and we were obliged to mix semicoke with 50% sand to keep acceptable front temperatures, i.e. lower than 1000°C.
Downward filtration combustion tests were carried out in a fixed bed reactor as shown in Fig. 1 . A detailed description of this reactor is given elsewhere [17] . Air is fed (0.027 kg m À2 s
À1
) into the top of a vertical cylinder of crushed semi-coke. Ignition also takes place at the top of the sample using a cone heater that irradiates the surface with 50 kW m À2 through a quartz window. During the experiment, temperatures in the bed were measured by six type-K thermocouples located along the axis of the cell at different heights (T1, T2, T3, T10, T11 and T12). A crown of six thermocouples (T4-T9) makes it possible to measure the temperature 1 cm away from the cell walls over a horizontal cross section: this is particularly useful to reveal whether the smouldering front progresses as a horizontal surface. Composition of the gases was analyzed at the bed exit.
We compared our simulation results with results obtained in this experimental work. This will enable us to validate the sensitivity of the model to change in these two experimental parameters.
Numerical model
We choose to model the problem at the Darcy scale. At this scale, the governing equations are the upscaled version of ''pore scale'' equations. Mass and momentum conservation equations can only be written at the pore-scale where the continuum assumption is valid. Consequently, one needs to derive the transport equation at Darcy-scale from those at pore-scale. Considering all the complexities, both from geometrical and process point of view, Darcy-scale equations, here, are also called ''averaged equations''. They contain some simplifications and constraints [20] . This is, indeed, the case in most of the simulation tools in chemical and petroleum engineering domains.
The numerical model used in this study was developed in our laboratory [21] . Here, we present the basic characteristics of this model. The model consists of a coupled heat and mass transfer equation system that can handle combustion as well as carbonate decomposition reactions. Details of the governing equations are presented later. This model is designed to treat one and two dimensional problems. There are mainly two phases in our problem, gas and solid with the following compositions:
Solid phase: fixed carbon, CaCO 3 , inert material; Fluid phase: gases N 2 , O 2 , CO, CO 2 ;
Reactions take place between gas and solid phase, such as fixed carbon combustion and also in the solid phase as carbonate decomposition.
Many smoulder reaction schemes have two steps. The solid fuel decomposes through endothermic pyrolysis, producing solid char and gaseous products. Then, the char oxidizes, usually during a highly exothermic reaction in which it is converted to gaseous product and ash.
The endothermic pyrolysis reaction is thought to have little impact on the structure of the solution [6] . Here, we assumed that the combustion of fixed carbon does not leave any ash and it totally converts to gaseous product. We are aware that coke combustion by itself is not a single reaction. The complex multi-step combustion reactions [7, 22] are simplified here as a one step reaction model.
The objective of this work is to check the validity of a simple one reaction model.
The so called ''carbonate'' matter in the solid phase is not a pure substance but at least contains calcium and lesser amount of magnesium carbonates. For the sake of simplicity, we assumed that the calcium carbonate is dominant. Thus, the following decomposition reaction is defined in the model as; Calcium carbonateðCaCO 3 Þ þ Heat ! Calcium oxideðCaOÞ þ CO 2 We have not considered the possible presence of the gasification reaction as reported by Manor et al. [18] in the study of consolidated shale particles. However the present work deals with the non-consolidated porous media, but in a more detailed reaction study one may include this aspect in the analysis especially for rich shales and under the condition where the carbonate decomposition takes place. Fig. 2 shows the schematic of the model used for simulation of different cases.
Governing equations, initial and boundary conditions
Assuming a one-dimension problem, the governing equations are presented here:
Mass conservation
Total mass conservation equation of the gas phase is represented by the following equation in the model.
It is important to note that the gas phase is considered as an ideal gas.
Mass conservation equation of each specie is expressed as:
For solid phase, the conservation equation becomes:
Reaction rates are considered to be Arrhenius type. The combustion reaction rate depend on the fuel (fixed carbon) concentration and the oxygen concentration.
In this work m and n are considered to be equal to one. Carbonate decomposition reaction is described through a single reaction that only involves calcium carbonate concentration.
In this equation, m is equal to one. The reality is much more complex. Indeed, the total pressure of CO 2 is known to impact on the reactions kinetics. Small increases in it lead to slowing down of the reaction. If this reaction is still increased and overpasses an equilibrium pressure, CaCO 3 decomposition will stop and a reverse reaction, CaO re-carbonation to CaCO 3 will take place [23] .
Again it is one aim of this work to evaluate how accurately the CaCO 3 decomposition progress can be described from a simplified reaction scheme and simplified kinetic model.
Energy conservation
Local thermal equilibrium [24] is assumed between solid and gas phases. Thus, heat transfer is represented by a one-equation model. Following conservation equation presents heat transfer by conduction, convection and heat generation due to chemical reactions.
Momentum conservation
It is assumed that the Darcy law, in its general form, is valid in this problem. The porous medium is considered to be isotropic, thus the absolute permeability is constant. The porosity and permeability of the bed are respectively measured as 50% and 1 Darcy. Experimental results [9, 10] showed that pressure drop across the porous bed is small, thus we consider that the permeability value which is a rough estimate has no impact on the solution. Gravity effect is neglected. Finally, Darcy velocity for gas phase is defined as:
Initial and boundary conditions
The porous space of the media is filled initially with air (21 wt.% oxygen). The system is initially at ambient temperature.
There are heat losses around the porous bed. We considered these heat losses according to the following boundary condition.
Because we have considered the half of the geometry in our model, thus the other boundary condition, for energy conservation, which correspond to the middle of the model (in axial direction) is the no-flow boundary.
Boundary condition at bed surface during ignition:
Reaction stoichiometry and kinetics
In this study we assumed that fixed carbon combustion produces CO 2 and CO according to the following reaction.
The stoichiometry of this reaction depends to the ''fr'' value that was determined based on experimental results [10] . The ''fr'' is the mass fraction of fixed carbon converted to CO.
For combustion reaction kinetics, we have taken activation energy from literature. For this parameter a range of values is presented (see the review made in Elayeb [22] ) which is between 120 and 200 kJ mol
À1
. In another study, Ots [15] reported the activation energy for oil shale semicoke combustion to be around 100 kJ/kmol.
Smith et al. [25] carried out coal combustion experiments in the temperature range 25-900°C using air at atmospheric pressure in a derivative thermo-gravimetry analysis system. Sixty-six coals with high vitrinite and low inorganic contents were examined as part of a coal characterization program. Calculated apparent activation energies were of the correct orders of magnitude to describe combustion regions corresponding to chemical-reaction-controlled as well as diffusion-controlled processes. Smith et al. [25] proposed a value for activation energy equal to 179.4 kJ mol À1 as an average value. We started with this value and finally found that with our model, an activation energy equal to 170 kJ mol À1 can produce accurate results. The pre-exponential factor was then adjusted based on the above mentioned activation energy.
For carbonate decomposition reaction, the activation energy found in literature [26] was ranging from 110 to 260 kJ mol À1 . The reported activation energy values were obtained under the argon atmosphere which suggests that the corresponding values under the semicoke combustion flue gas atmosphere may be slightly different. We used the activation energy equal to 170 kJ mol À1 in our simulations. The pre-exponential factors used for the combustion and carbonate decomposition reactions are 2.5 Â 10 10 (Pa s À1 ) and 2.5 Â 10 7 (s À1 ) respectively.
Solution method
The above mentioned conservation equations and boundary conditions are discretized using the finite volume method based on a regular Cartesian mesh system. The convective transport term is discretized using upwind scheme and the second order scheme was used for diffusion term. We used a fully implicit approach for time discretization. The resulted equation system is solved by using a Newton-Raphson method. Primary variables were the pressure, temperature, global mole fractions of solid and gas phases.
Grid sensitivity
A sensitivity grid study based on the peak temperature has been performed. We conclude that 120 grid blocks are enough to reach the numerical convergence. Fig. 3 shows the results of this study. In this figure the maximum temperature versus time is plotted. We show that calculated temperatures for 240 and 120 grid blocks are pretty similar.
Treatment of heat losses
In order to mimic experimental constraints, heat losses are taken into account in the model. In this experiment, heat losses mainly occur because of conductive heat transfers through the wall and insulation, followed by convection around the cell.
The 1-D approach does not allow to reliably model all these phenomena. Then, we use a global heat losses coefficient.
When filtration combustion mode is reaction leading, most of the heat is accumulated behind the combustion front. Thus, the slope of the temperature profile versus distance behind the front is the combined result of the energy accumulation by the solid phase, advected heat and heat losses. We decided to adjust the heat losses coefficient to obtain the same slope for temperature profile behind the combustion front. Fig. 4 shows a typical temperature profile obtained in the simulation with an adjusted heat losses coefficient in comparison with experimental temperature and a simulated case with zero heat loss.
Results indicate that the heat loss model introduced in this study significantly improved the model predictability by reproducing the temperature profile ahead and behind the combustion front in a satisfactory manner as it is observed in the experiment. Small discrepancy exists for the combustion zone temperature around peak temperature value which will be discussed later.
Results and discussion
Parameter fitting strategy
We first adjusted model parameters (activation energies and pre-exponential factors) for the reference case (presented below) and then used them in all other cases. The parameters had then to be re-adjusted until the best average match was obtained considering all experiments together. Finally, one single set of parameters was used to simulate all the experiments. We used the peak temperature, the temperature profile versus distance, combustion front velocity and the percentage of carbonate decomposition as matching parameters.
Reference case
The reference case in Sennoune et al. [10] experiments corresponds to a steady high temperature combustion front. In this situation, all the initial calcium carbonate was decomposed. The composition is 3.475 (wt.%) of fixed carbon and 22.45 (wt.%) of calcium carbonate. The rest is considered to be inert solid. For other cases, the amount of fixed carbon and calcium carbonate are modified (as done also in the experiment). Effects on combustion front temperature, carbonate decomposition and so on were studied. Table 1 shows simulation input parameters for reference case and other cases.
Reference case results
The reference case experiment presented by Sennoune et al. [9, 10] includes three repetitive tests. We conclude that 96.2 (wt.%) of the fixed carbon was burned during the combustion. In our numerical model and based on the given kinetic model, all the fixed carbon consumes while high temperature front travels the porous medium.
Thus, according to Sennoune et al. [9, 10] , we fixed 96.2 (wt.%) of initial fixed carbon content. The average value for fr is 0.31 and is used for the simulation of reference case.
During experiments, all the injected oxygen was consumed and the mole fractions (average) of CO 2 and CO in the exhaust gases were respectively 25.3 and 5.4. In our numerical experiments, all injected oxygen is reacting during the combustion and the compositions of exhaust gases were 29% and 6% respectively (for CO 2 and CO respectively).
Combustion front velocity is 4.2 mm min À1 in the experiment. It is 4.3 mm min À1 according to the simulation.
The average peak temperature reported is 1032°C while an average peak temperature of 930°C was found in the simulation. The factor that can influence the peak temperature is the heat losses. In reality the heat losses may not be linear as opposed to what we used in our model. As it will be presented in the next section (Fig. 5) , for those cases at lower peak temperatures, the model reproduces the experimental temperatures in a satisfactory manner. This may suggest that this nonlinear effect is more important at higher temperatures, notably radiation heat losses at high temperatures become important. We may also consider the amount of initial carbon content (used in the simulation) that can influence the peak temperature. In the simulation, we have not introduced the same amount of carbon content as it was in the experiment but we multiplied it by a factor of 0.96, which is the percentage of burned carbon. In a test simulation we used the same amount of fixed carbon as in the experiment, without multiplying by 0.96. This resulted peak temperatures around 970°C which is close to the experimental peak temperature. Thus it is also possible that the temperature difference (between 930°C in the simulation and 1032°C in the experiment) is due to the small experimental error in calculating the 0.96 factor for burned carbon.
We obtained the same amount (100%) of calcium carbonate decomposition as it is measured in the experiment. This is what we expected, because mainly, the reaction is governed by the temperature values. In the front, we are above the reference temperature of 550°C for carbonate decomposition.
Comparison of the experimental and numerical results shows that, in general, there is a good agreement between them. Small differences in the gas compositions compared to what was measured in the experiment may be explained by the fact that we used a simplified reaction scheme while in reality the process is more complex. Also our effective heat losses model is quite simplified; it can also explain why we do not achieve to obtain the correct values for temperature.
Effect of porous medium composition
In their experimental study, Sennoune et al. [9, 10] tried to reduce the front temperature during semi-coke combustion by changing the porous bed composition. The modifications of compositions in carbon content or calcium carbonate content can affect the combustion front temperature, but also front velocity, amount of decomposed carbonates and others. We also attempted to test our numerical tool by varying these two parameters and comparing the results with experimental observations.
Fixed carbon content
We simulated three cases with different initial fixed carbon content in the porous medium. This corresponds to cases number 2-4 in Table 1 . In all cases we introduced a value for fr which was presented by Sennoune et al. [9, 10] based on the experimental results as indicated in Table 1 . Fig. 5 shows the effect of fixed carbon content on peak temperature both in the experiment and simulation. The reference case is also added to this figure in order to allow better comparison and also to find trends. We see that the peak temperature decreases when we decrease the carbon content in the simulation as in the experiment. The predicted peak temperature for all cases (other than reference case at 3.475%) shows a very good agreement with the experiment. Fig. 6 indicates the comparison of combustion front velocity in the experiment and simulation as a function of carbon content. The general trend in both cases is the same. When we reduce the carbon content, the combustion front velocity increases which can be explained by considering the same oxygen availability. Thus, combustion front progresses faster in low carbon content cases compared to the higher one. But at still lower carbon content (1.7% and 2.1%), the velocity decreases. Sennoune et al. [9, 10] made three hypotheses:
(i) Firstly, because of temperature decrease, part of the injected oxygen cannot react with carbon, thus the front velocity decreases. In this situation the front velocity is related to the reaction kinetics. The presence of non-reacted oxygen in the exit gas can be clearly seen in Fig. 7A where the gas composition, in mole percent, is shown for different carbon content. Generally, there is a good agreement between experimental results and model predictions in this figure.
Oxygen content in the exit gas flow is equal to zero for cases where front temperature is higher than 800°C. Non-zero oxygen concentrations are observed for low carbon content and consequently for lower temperature combustion front. (ii) Secondly, even with a well homogenized medium, some degree of heterogeneity remains. This may result the oxygen breakthrough. In addition, in a real world, there is always a temperature gradient along the tube radius especially at combustion front position. This may also cause that oxygen penetrates ahead of the front in low temperature regions. (iii) We may also mention a third element which is the channelling phenomenon and is well known in the chemical engineering domain. Channelling is the preferential passage of flow near the reactor wall, where the arrangement of the porous media is generally different from the bulk and more favourable for this passage. The area near the reactor wall has lower temperature compared to the center, thus oxygen may bypass the combustion front though this area [27] .
In a one dimensional numerical model, none of the two last mentioned phenomenon (ii and iii) is present. There is no heterogeneity, no gradient in the radius axis and no channelling is present. The only reason that oxygen can pass through the front is due to low temperature condition. Under this situation, all of the available oxygen does not react with the carbon and part of the oxygen passes the combustion front without being reacted. Therefore, modelling of these experiments tends to validate the first hypothesis: low front temperature explain the non-zero O 2 concentration at cell exit for low front temperature experiments. Concentration of CO 2 and CO at the exit gas is shown in Fig. 7B and C. In overall, the model predicted the experimental data with a reasonable agreement. As we mentioned earlier, the combustion reaction in reality is not a single reaction but a combination of many different reactions. Considering that, these results show that a relatively simple reaction scheme is still able to produce reasonably accurate results.
The extent of carbonate decomposition for cases with different carbon content is shown in Fig. 8 . Simulation results have the same tendency as the experimental ones. In both cases, the amount of decomposed calcium carbonate reduced when the carbon content reduces, i.e. with the temperature decrease. There is relatively a good agreement between experimental and numerical results. The discrepancy could be essentially due to the fact that a simple reaction scheme was used to describe carbonate decomposition, not taking into account the re-carbonation of CaO reaction [28, 29] . Moreover, the impact of the CO 2 local pressure on the kinetics of CaCO 3 decomposition reaction was not taken into account.
Effect of calcium carbonate content
In another series of tests, we varied the calcium carbonate content to study the effects on combustion characteristics. Fig. 9 shows temperature versus carbonate content for three values of carbonate and also compared to the reference case. It indicates that, from 22.4% to 32% of carbonate content, the average peak temperature decreases and then remains constant when the percentage of carbonate is increased. Simulation results are in a fairly good agreement with experimental measurements.
More carbonate decomposition occurs in cases with higher carbonate content but there is a temperature limit (around 850°C) below which the decomposition becomes limited. The percentage of decomposed carbonate as a function of initial carbonate content is presented in Fig. 10 .
This figure clearly shows that for carbonate contents more than 42.4%, the percentage of decomposed carbonate becomes less significant compared to the high decomposition percentage observed in cases with lower initial carbonate content. Another important aspect of calcium carbonate decomposition reaction is the dependency to CO 2 partial pressure. This phenomenon may also play a role to limit the carbonate decomposition in experiments with high carbonate content. Our numerical model does not take into account this phenomenon and we will integrate it in our future model. Fig. 11A and B shows the exit gas composition for different amounts of carbonate initially present in the system. There is a good match between experimental and numerical results. For all cases (including the reference case), oxygen concentration at the exit was zero (not shown in this figure) as it is also observed in the experimental study. CO 2 concentration observed in the experiment increases when the carbonate content increases (compared to the reference case) and further increase in carbonate content results in slight decrease in the CO 2 concentration. Simulation results indicate the same trend except that after initial increase in CO 2 concentration, it remains relatively constant. Both of these results suggest that carbonate decomposition in samples with more than 32.4% of initial carbonate becomes limited.
The predicted CO concentration (Fig. 11B) is also in good agreement with the experimental results. Again, the small discrepancy may be related to the simplifications we made in reactions model used in our numerical tool.
Conclusion
A numerical study of filtration combustion in a porous bed containing fixed carbon and carbonates was successfully carried on in this work, and validated by comparison with several sets of experimental results. This success certainly lies on the fact that chemistry was simplified here by using a medium that did not contain organic matter other than fixed carbon, avoiding low temperature oxidation (LTO) and devolatilization reactions.
Using a simple reaction scheme for carbon oxidation into CO and CO 2 required the experimental determination of the fraction of carbon that is oxidized to CO. The present model cannot compute this determining parameter by itself; a perspective of this work is to establish and validate a more complex reaction scheme able to deal with this. The model is shown to catch the non-monotone evolution of the front velocity when varying the fixed carbon content of the medium, resulting from the non-utilization of all the fed oxygen when the front is too cold. In revenge, the model does not predict some residual carbon (0.25 wt.%) after the passage of the front as observed in experiments.
Using a single reaction to describe carbonate decomposition not depending on the local CO 2 partial pressure and not allowing re-carbonation of the formed CaO is shown to be an acceptable approach. The model can describe the partial decomposition of CaCO 3 observed in several cases.
All together, a single set of kinetic parameters for each of the two reactions (fixed carbon oxidation and CaCO 3 decomposition) is shown to describe satisfactorily all the sets of experimental results with different fixed carbon and carbonate contents.
The work in progress following these results is running the model in a 2D configuration, in order to evaluate its capacity to predict the experimentally observed front curvature resulting from heat losses at the cell walls.
